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Interleukin-11 Enhances Human Megakaryocytopoiesis In Vitro
By Masanao Teramura, Shoko Kobayashi, Shigeru Hoshino, Kazuo Oshimi, and Hideaki Mizoguchi
We investigated the effect of recombinant human interleukin-1 1 (rhlL-11) on human megakaryocytopoiesis. Nonadherent and T-cell-depleted human bone marrow (BM) mononuclear cells were cultured in a serum-free agar culture system. rhlL-11 alone did not stimulate the growth of human megakaryocyte colonies. However, when rhlL-11 was combined with optimal or suboptimal doses of rhlL-3, the number and size of the megakaryocyte colonies increased. The same results were obtained when highly purified BM CD34-positive cells were used as target cells. Next, we investigated the effect of rhlL-11 on the ploidy of megakaryocytes. The URING THE LAST few years, a large number of D cytokines have been cloned. Among them, various factors, including interleukin-1 (IL-l), IL-2, IL-3, IL-4, IL-6, IL-7, granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage CSF (GM-CSF), macrophage CSF (M-CSF), erythropoietin (Epo), and leukemia inhibitory factor, have been reported to affect megakaryocyte development or platelet production in either a direct or an indirect manner.'. 28 Recently, another novel cytokine, IL-11, has been cloned from the primate stromal cell line PU-34. 29 This cytokine stimulates the proliferation of an IL-6-dependent murine plasmacytoma cell line (T1165) and the T-cell-dependent development of Ig-producing murine B cells. Furthermore, in hematopoiesis, it supports the proliferation of committed macrophage progenitors, acts synergistically with IL-3 to shorten the Go period of early progenitors and promotes megakaryocyte colony formation in the murine Subsequently, recombinant human IL-11 (rhIL-11) has been cloned from a human fetal lung fibroblast cell line, MRC5.2' The aim of this study is to determine whether rhIL-11 affects human megakaryocytopoiesis in vitro.
MATERIALS AND METHODS
Human bone marrow (BM) cells were obtained with informed consent from healthy volunteers. These studies were approved by the Human Experimentation Committee of our college. Mononuclear cells were separated by centrifugation on a Ficoll-Conray gradient (density, 1.077 gimL) at 4OOg for 30 minutes.
Preparation of nonadherent and T-celldepleted cells. BM mononuclear cells (BMMC) were suspended in ASF 101 medium (Ajinomoto, Tokyo, Japan) in plastic dishes and adherent cells were removed after 2 hours. To deplete T lymphocytes, nonadherent mononuclear cells were further separated into E-rosettepositive, and -negative cells with neuraminidase-treated sheep e~ythrocytes.~' The nonadherent, T-lymphocyte-depleted cell fraction contained less than 2% nonspecific esterase-positive cells and less than 3% T lymphocytes as assessed by immunofluorescence staining with OKT11 (CD2) (Ortho Pharmaceutical Co, Raritan, NJ) .
Normal human BMMC were suspended at 1 x 107cells/mL in RPMI 1640 medium (RPMI 1640; Flow Laboratories, Irvine, UK) containing 2% fetal calf serum (FCS) and mixed with immunomagnetic microspheres (Dynabead M-450, goat antimouse IgG; Dinal AS., Oslo, Norway) at a ratio of 10 microspheres per cell. The microsphere-cell mixtures were incubated for 40 minutes at 37"C, with occasional gentle mixing. After incubation, cells that did not bind microspheres were The MoAb-treated cells were resuspended at 2 X 107imL in RPMI 1640 containing 2% FCS and mixed with antimouse IgGcoated magnetic microspheres at a ratio of one microsphere per cell. The microsphere-cell mixtures were gently mixed and then incubated for a further 15 minutes at 4°C with occasional gentle shaking. After incubation, the microsphere-bound cells were collected by magnetic separation. The mean purity of CD34-positive cells and the mean viability of cells in the final fraction were 96%, as assessed by alkaline phosphatase anti-alkaline phosphatase (APAAP) immunostaining with MylO, and 98%, respectively.
CD41-positive cells were prepared by positive immunomagnetic selection based on the method described above. Briefly, human BMMC were suspended at 2 x lo7 cellimL in RPMI 1640 containing 2% AB plasma and incubated with 2 pgimL P2 MoAb recognizing platelet glycoprotein (GP) IIb/IIIa complex (PZ; Cosmobio, Tokyo, Japan). CD41-positive cells were obtained by the same procedure as described above, although RPMI 1640 containing 2% AB plasma was used instead of RPMI 1640 containing 2% FCS during the entire procedure. Because it is impossible to determine the ploidy values of CD41-positive cells that are bound to microspheres, further treatment was performed to remove the microspheres. The CD41-positive cells that bound to microspheres were incubated with 1 mL of RPMI 1640 containing 100 UimL of chymopapain (Sigma Chemical, St Louis, MO) for 10 minutes at 37°C. After incubation, a magnet was applied and the cells released from the microspheres use only.
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Recombinant growth factors. rhIL-3 (specific activity, 7.94 x 10' Uimg protein) was obtained from Kirin Brewery Co, Ltd (Tokyo, Japan). The amount of rhIL-3 that stimulated half maximal colony growth from human BM cells was 50 UimL. Our previous study showed that rhIL-3 had megakaryocyte CSF (MK-CSF) activity in a serum-free culture system?,' with the plateau level of human megakaryocyte colony formation being achieved at a level of 100 UimL. rhIL-11 was synthesized in COS cellszY and was provided by the Genetics Institute (Cambridge, MA). The specific activity of rhIL-11 is 2 x 106 Uimg. rhIL-6 and anti-IL-6 IgG antibody were provided by Ajinomoto. The specific activity of rhIL-6 was 6 x 106 Uimg protein.
Megakaryocyte colony assay. The serum-free culture method for human megakaryocyte colony formation has previously been reported in detail? Cell suspensions of 1 x lo' nonadherent and T-cell-depleted mononuclear cells or 5 X 10' MylO-positive cells were cultured in 35-mm petri dishes (Lux; Miles Laboratories, Naperville, IL) in 1 mL of ASF 101 medium containing 0.3% agar (Difco Laboratories, Detroit, MI), 200 pg/mL transferrin (Behring, Marburg, Germany) saturated with FeCI,, l% deionized bovine serum albumin (BSA; Sigma), 2 X IO-' moliL 2-mercaptoethanol (2-ME; Sigma), and various concentrations of recombinant cytokines. The cultures were incubated for 14 days at 37°C in a humidified atmosphere of 5% CO, and 5% 0,.
Megakaryocyte colonies were detected by the APAAP technique, using the MoAb against platelet GP IIbiIIIa complex (P2; Cosmobio, Tokyo, Japan) as previously described? Culture plates were dehydrated in the petri dishes using filter paper and fixed with cold (4°C) 2.5% formalin-acetone for 60 seconds. The fixed plates were washed twice in phosphate-buffered saline (PBS), pH 7.4, and covered with 2 mL of PBS-containing agarase (Calbiochem-Behring, San Diego, CA) at 10 UimL for 7 minutes at 37°C. After two washes in PBS, APAAP immunostaining was performed using an APAAP immunostaining kit (Zymed, San Francisco, CA). The plates were then counterstained with Mayer's hematoxylin for 10 minutes. All incubation procedures were performed in a humidified atmosphere at 37°C. Controls were established in each experiment by staining with unrelated antibodies and by staining without primary antibodies. Megakaryocyte colonies were defined as groups of three or more P2-positive cells.
CD4l-positive cells obtained by immunomagnetic separation method were plated at 2 X lo4 cells/mL in a 100 pL mixture containing 20% AB plasma, 1% deionized BSA, 2 x lo-' moliL 2-ME, and various factors such as rhIL-11 and ASF 101 medium in 96-well flat-bottomed tissue culture plate (Linbro; Flow Laboratories, Inc, McLean, VA). The cultures were incubated for 5 to 7 days at 37°C in a humidified atmosphere of 5% CO,. This procedure was used to study the direct effect of some factors on the ploidy of CD41-positive cells.
Staining and quantitative megakaryocyte DNA determination were performed using a DAPI (4',6-diamidino-2-phenylindole) staining improved by Hamada and Fujita? and modified as we have previously reported.*' The method for determining the ploidy values of individual cells in megakaryocyte colonies was as follows. The agar cultures were removed from the culture dishes, applied to 50 x 75 mm glass slides, air dried, fixed, and stained with an MoAb, P2, using the APAAP technique as described above. The slides were then stained with DAPI. After
Identification of megakaryocyte colonies.
Liquid culture of CD4Ipositive cells.
DNA quantitation.
identification of megakaryocyte colonies by their APAAP positivity, the fluorescent emissions of individual colony cells were measured with a microfluorometer, Olympus OSP-1 (Olympus Optical Co, Ltd, Tokyo, Japan), equipped with a 365 nm excitation filter, a 400 nm dichroic mirror, and a 450 nm interference band pass filter. Ploidy values were then calculated using the mean emission (minus background) of 20 mature granulocytes on the same slide as the diploid standard. For these experiments, the coefficients of variation of diploid fluorescent nuclear signals were always less than 30% and averaged 20.6% -C 4.2%. Megakaryocytes were assigned to the ploidy level of the nearest modal value of the DNA content according to the algorithm of Paulus et al. 33 To investigate the ploidy values of individual CD41-positive cells in liquid culture, cell suspensions were centrifuged onto glass slides, air dried, fixed, and stained with DAPI. Ploidy values were then determined as described above.
Statistical analysis of the differences was performed using the Student's t-test, except for the ploidy distribution. The megakaryocyte ploidy distributions were compared with Pearson's x2 test of the independence of distributions.
Statistical analysis.

RESULTS
Effect of IL-11 on megakaryocyte colony formation.
In this serum-free culture system, no spontaneous megakaryocyte colonies were formed in the absence of hematopoietic growth factors. Figure 1 shows the effect of rhIL-11 on the number of megakaryocyte colonies by nonadherent, T-celldepleted marrow mononuclear cells. rhIL-11 alone did not stimulate megakaryocyte colony formation, even when a high concentration (100 ng/mL) was added to the culture. However, when various concentrations of rhIL-11 were use only.
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We next analyzed the number of cells in the individual colonies formed by rhIL-3 alone or rhIL-3 plus rhIL-11 (Fig  2) . The combination of rhIL-3 plus rhIL-11 induced significantly larger colony sizes when compared with rhIL-3 alone. rhIL-11 has similar effects on the number and size of megakaryocyte colonies when highly purified progenitor cells (CD34-positive cells) were used as target cells (Fig 3,  data for colony size is not shown) .
Effect of rhIL-11 on ploidy. To investigate whether rhIL-11 affects endomitosis of megakaryocytopoiesis, the ploidy of the individual cells in the megakaryocyte colonies was also evaluated ( Table 1 ). The ploidy values stimulated by rhIL-3 were mostly of the 2N and 4N classes. This finding that rhIL-3 had no definite ability to increase the ploidy value was previously reported. 22 On the other hand, the addition of rhIL-11 in combination with rhIL-3 promoted a shift in ploidy toward higher values.
To address the issue of indirect versus direct action of rhIL-11, we further purified the BM CD41-positive cells by immunomagnetic separation. A majority of CD41-positive cells freshly isolated from BMMC were diploid cells and were morphologically immature megakaryocytes or blastlike cells. When CD41-positive cells were cultured in the presence of rhIL-11, the ploidy distribution was significantly shifted toward higher values. Furthermore, this shift of ploidy distribution was not affected by the simultaneous addition of anti-IL-6 antibody, whereas the promoting effect of rhIL-6 on the ploidy was abrogated in the presence of anti-IL-6 antibody ( Table 2) .
DISCUSSION
It is generally accepted that two factors are required for megakaryocytop~iesis.'~ One factor is an inducer of the clonal growth of megakaryocyte progenitors (MK-CSF) and the other is a promoter of maturation and differentiation of megakaryocytes (megakaryocyte potentiator [MK-potentiator]). MK-potentiator has the ability to promote megakaryo- cyte colony formation in the presence of MK-CSF, to stimulate megakaryocyte polyploidization, and to induce the maturation of megakaryocytes. rhIL-11 had no capacity to stimulate human megakaryocyte colony formation when added to cultures alone, indicating that rhIL-11 has no MK-CSF activity. However, in the presence of rhIL-3, rhIL-11 stimulated an increase in the number, size, and ploidy value of the megakaryocyte colonies by nonadherent, T-cell-depleted marrow mononuclear cells.
To study whether the action of rhIL-11 on human megakaryocytopoiesis is direct or not, highly purified CD34-positive cells or CD41-positive cells were used as target cells. rhIL-11 not only enhanced megakaryocyte colony formation by purified CD34-positive cells, but also increased the ploidy values of purified CD41-positive cells. These results suggest that rhIL-11 directly promotes human megakaryocytopoiesis. It has been recently shown that human megakaryocytes secreted IL-6 and expressed IL-6 receptors, suggesting that IL-6 is an autocrine factor involved in the regulation of megakaryocyte terminal differentiati~n.'~ Therefore, it is possible that IL-11 stimulates immature megakaryocytes to secrete IL-6, which subsequently increases ploidization. In this study, anti-IL-6 antibody did not suppress the promoting effect of IL-11 on ploidization. Therefore, the promoting effect of rhIL-11 on human megakaryocytopoiesis is unlikely to be mediated by IL-6. However, it is possible that the synthesis of IL-6 might be stimulated by IL-11 without secretion of IL-6 into the supernatant.
Interactions between the hematopoietic cells and the stromal cells are believed to play critical roles in stem cell self-renewal, proliferation, and differentiation. Because IL-11 was isolated from a marrow stromal fibroblast cell line, this cytokine may play a role in the regulation of human megakaryocytopoiesis in the BM. Further studies including in vivo administration of IL-11 and analysis of serum concentrations of IL-11 in various thrombocytotic or thrombocytopenic states will clarify the role of this cytokine in human megakaryocytopoiesis and platelet production.
